Vitamin-K-dependent carboxylation of matrix Gla protein (MGP) protects the macrocirculation against calcification. We recently reported in a multiethnic population study that the estimated glomerular filtration rate, a microvascular trait, decreased and the risk of chronic kidney disease increased with higher circulating levels of inactive dephospho-uncarboxylated MGP, a marker of vitamin K deficiency. These findings highlighted the possibility that vitamin K might have a beneficial effect on the renal microcirculation. To substantiate these epidemiological findings, we undertook a pilot study, in which we stained renal tissue samples obtained by biopsy from 2 healthy kidney donors and 4 patients with nephropathy for carboxylated and uncarboxylated MGP and calcium deposits. Three patients had renal calcifications, which were consistently associated with carboxylated and uncarboxylated MGP. Normal renal tissue was devoid of microcalcifications and staining for carboxylated and uncarboxylated MGP. Pending confirmation in a larger study covering a wider range of renal pathologies, these histopathological findings suggest that MGP might inhibit calcification not only in large arteries, as was known before, but in renal tissue as well, thereby highlighting potentially new avenues for promoting renal health, for instance by vitamin K supplementation.
Introduction
Vascular smooth muscle cells synthesize matrix Gla protein (MGP), a small secretory protein (11 kDa) , which contains 5 γ-carboxyglutamate (Gla) amino acid residues [1] . Activation of MGP requires two posttranslational modifications: the vitamin-K-dependent γ-glutamate carboxylation and serine phosphorylation [2] . Higher circulating levels of dephospho-uncarboxylated MGP (dp-ucMGP) indicate vitamin K deficiency [3] , whereas total uncarboxylated MGP (t-ucMGP) decreases with prevalent vascular calcification [4, 5] .
Carboxylated MGP is a potent inhibitor of arterial calcification [2] . In patients with diabetes [6] , renal dysfunction [7] , or macrovascular disease [8] , inactive dp-ucMGP behaves as a circulating biomarker associated with cardiovascular risk [6] , more severe illness [7] , or higher mortality [8] . In the Flemish Study on Environment, Genes and Health Outcomes (FLEMENGHO), circulating dp-ucMGP predicted total and cardiovascular mortality [9] . More recently, we assessed the association of renal microvascular function as exemplified by the estimated glomerular filtration rate (eGFR) with both circulating dp-ucMGP and t-ucMGP in a multiethnic population study [10] . In the Flemish population, with adjustments applied for covariables, eGFR measured on a continuous scale was inversely associated with dp-ucMGP and positively with t-ucMGP. Furthermore, in categorical analyses, the risk of moving up one stage in the classification of chronic kidney disease increased with higher dp-ucMGP [10] . We confirmed the inverse association of eGFR with dp-ucMGP in black South Africans [10] . Based on these epidemiological findings [10] and the incidental observation that in skin biopsies microvascular calcifications co-localized with MGP ( fig. 1 ), we undertook a pilot study, in which we stained renal biopsies collected from 4 patients with renal dysfunction and 2 healthy kidney donors for carboxylated MGP (cMGP) and uncarboxylated MGP (ucMGP) and calcium deposits.
Methods

Collection of Tissue Samples
The study complied with the Helsinki declaration for research in human subjects [11] and received approval from the local ethics committee. Kidney biopsies of 4 patients with chronic kidney disease and 2 healthy kidney donors were selected from the biobank at the University Hospital Gasthuisberg, Leuven, Belgium.
Histopathological Studies
Renal tissue samples were fixed in 4% formaldehyde/phosphate-buffered saline, embedded into paraffin and cut into 4-μm-thick sections. The sections were deparaffinized, rehydrated and stained with hematoxylin and eosin (Klinipath, Duiven, The Netherlands). Slides were then mounted with Entellan (Merck, Darmstadt, Germany). Nonspecific background immunostaining was blocked with 10% peroxidase and rabbit serum (10% TBST; Tris-buffered saline; 0.1% Tween-20; 1% bovine serum albumin).
The slides were also immunohistochemically stained for MGP using conformation-specific monoclonal mouse antibodies directed against cMGP (4 mg/l) and ucMGP (4 mg/l). All antibodies were diluted in blocking reagent (Tris-buffered saline; 0.1% Tween-20; 1% bovine serum albumin). Horse radish peroxidase-conjugated rabbit anti-mouse IgG (1: 100; Dako, Glostrup, Denmark) was applied as the secondary antibody. Antibodies were visualized with a peroxidase substrate kit (Vector SK-4805, Vector Laboratories, Burlingame, Calif., USA). Sections were counterstained with hematoxylin and mounted with coverslips. Calcium deposits were visualized by von Kossa staining after the tissue sections had been deparaffinized, rehydrated and incubated with 1% silver nitrate for 5 min. After washing, calcium was developed with sodium formaldehyde for 1 min and excess silver nitrate was removed by sodium thiosulfate. Sections were counterstained with nuclear fast red and mounted with coverslips.
Results
Characteristics of Participants
All patients (3 female) and donors (1 female) were white. The patients' age averaged (SD) 68.4 (0.4) years (range, 67.9-68.7). Mean serum creatinine concentration was 231.8 μmol/l (range, 104.3-542.8). The underlying cause of renal failure was primary amyloidosis in 1 patient, interstitial nephritis secondary to phenacetin abuse in 2, and renal insufficiency attributable to radiocontrast-induced nephropathy in 1. Age and serum creatinine in the 2 healthy kidney donors were 66 and 71 years, and 50.4 and 85.7 μmol/l, respectively.
Histopathological Studies
None of the tissue samples of healthy donors showed calcifications or immunohistochemical staining for ucMGP or cMGP. Among patients with renal dysfunction, 3 had renal calcifications in the cortical interstitium and in the deeper layers of the vascular walls with co-localization of ucMGP or cMGP. The von Kossa staining in the 4th patient was negative, with sparse weak staining for ucMGP and at the same loci even fainter staining for cMGP. Figure 2 illustrates the exemplary histopathological findings in 1 normal donor and 1 patient with interstitial nephritis due to phenacetin abuse.
Discussion
To our knowledge, our study is the first to assess the presence of both inactive ucMGP and activated cMGP in association with microcalcifications in samples of renal tissue obtained by biopsy from patients with chronic kidney disease and from healthy kidney donors. In line with the underlying hypothesis, our pilot study demonstrated that irrespective of the underlying disease process ucMGP and cMGP consistently colocalized with microcalcifications in diseased kidneys. In contrast, normal renal tissue was devoid of microcalcifications and hence staining for both MGP moieties. These observations in the renal microcirculation are consistent with findings in mice and human endothelial cells [12] and the human macrocirculation [5] .
Mice lacking the MGP gene die within 2 months because of widespread arterial calcification that leads to disintegration and rupture of the arterial wall and massive bleeds [13, 14] . Selectively reintroducing MGP expression in the liver of the MGP-deficient mice results in circulating MGP levels 6-to 10-fold higher than in wild-type animals [15] . The MGP originating from the transgene conserved its biological activity in vitro, but did not inhibit arterial calcification [15] . Thus, MGP is locally synthesized and activated in the arterial wall and prevents arterial calcification through local effects in the arterial wall.
High levels of plasma dp-ucMGP indicate poor vitamin K status [3] . For instance, among 60 middle-aged healthy volunteers randomized in a placebo-controlled double-blind trial, circulating dp-ucMGP dropped dose-dependently by 31 and 46% in response to supplementation with 180 and 360 μg of menaquinone-7 (vitamin K 2 ) daily for 12 weeks, whereas no changes occurred in t-ucMGP (p = 0.23) [3] . Along similar lines, among 174 patients with chronic kidney disease, stages 3-5, the criteria for vitamin K deficiency were met in 6, 60 and 97% based on plasma levels of phylloquinone, percent of uncarboxylated osteocalcin, or proteins induced by vitamin K absence (des-γ-carboxy-prothrombin), respectively [16] . Poor vitamin K status in patients with chronic kidney disease or on hemodialysis not only results from higher needs of activation of MGP in the presence of the high risk of arterial calcification, but also from lower dietary intake compared with healthy controls [17] . By far, the most extensive vascular calcifications occur in patients with chronic kidney disease [18, 19] . In keeping with our current findings, impaired inhibition of calcification might be a major player underlying the high risk of arterial calcification, macrovascular complications, and ultimately death in patients with chronic kidney disease [19] . Our current findings extend these previous findings to the renal microcirculation. t-ucMGP, in the literature often referred to as ucMGP, predominantly consists of phosphorylated MGP and at variance with dp-ucMGP is not a biomarker of vitamin K status, but lower levels reflect more extensive cardiovascular calcifications [4, 5] . t-ucMGP accumulates at arterial calcification sites, possibly by binding through its negatively charged phosphoserine residues [4, 5] . Upregulation of MGP transcription in response to vascular stress influences circulating t-ucMGP levels [4] . In 40 patients on hemodialysis, the mean t-ucMGP level was significantly lower than in healthy age-matched controls. Additionally, higher coronary calcification scores determined by multislice computed tomography were associated with lower t-ucMGP levels (r = -0.41; p = 0.009). This correlation persisted after adjustment for age, dialysis vintage, and high-sensitivity C-reactive protein as a marker of inflammation [4] . In a cross-sectional study, Parker et al. [20] investigated the association of kidney function with t-ucMGP among 842 outpatients with stable cardiovascular disease. The eGFR correlated significantly and positively with t-ucMGP in unadjusted or multivariable adjusted analyses [20] .
Our current findings must be interpreted within the context of its limitations. As a first approach, we deliberately chose to undertake our histopathological studies in patients with renal pathologies of different etiology. Moreover, the sample size was small only including 4 patients and 2 controls. Future studies should aim at consolidating our current findings in a larger number of tissue samples taken from patients with diverse renal diseases diagnosed according to the state of the art, if possible with a longitudinal component to establish the timeline between progression of renal dysfunction and the increment in renal microvascular calcification. Second, we collected the renal tissue samples from the biobank available at the Leuven University Hospital. Due to this retrospective design we did not have information on the circulating levels of dp-ucMGP and t-ucMGP prior to or concurrent with the biopsies.
If confirmed, our findings have clinical implications. High levels of plasma dp-ucMGP are a proxy for vitamin K deficiency [3, 21] . Levels ranging from ∼ 1.4 to ∼ 4.6 μg/l are probably optimal in terms of the risk of mortality and macrovascular cardiovascular complications [9] . In white Flemish people, a 4.6 μg/l threshold corresponded with the 65th percentile of the dp-ucMGP distribution, indicating that 35% of the general population in Belgium might be vitamin K deficient. The recommended dietary allowance for vitamin K is 1 μg/kg of body weight per day, which is sufficient to ensure normal hemostasis [22] . However, in apparently healthy subjects, a substantial fraction of MGP remains in the uncarboxylated forms [5] . This raises the question as to whether the present recommended dietary allowance for vitamin K intake is sufficient to prevent vascular disease. Vitamin K supplementation reduces aortic pulse wave velocity in healthy postmenopausal women [23] . Assuming reversibility, our current findings extend the protective role of vitamin K from the macrocirculation to the microcirculation and renal function, revealing an untapped potential for prevention by supplementation, for instance by biologically enriched fermented vegetable or dairy products. Moreover, vitamin K has a very wide safety range, irrespective of whether the source are leafy vegetables (phylloquinone; vitamin K 1 ) [22] or fermented foods (menaquinones; vitamin K 2 ) [22] .
In conclusion, the histopathological findings in our current pilot study suggest that active MGP might inhibit calcification not only in large arteries, as was well known before [23] , but also in renal tissue. These findings highlight potentially new avenues for promoting renal health, for instance by increasing the dietary intake of vitamin K either by supplementation or by increasing the intake of nutrients rich in vitamin K.
